Conventional adenomas are initiated by APC gene mutation that activates the WNT signal. Serrated neoplasia is commonly initiated by BRAF or KRAS mutation. WNT pathway activation may also occur, however, to what extent this is owing to APC mutation is unknown. We examined aberrant nuclear β-catenin immunolocalization as a surrogate for WNT pathway activation and analyzed the entire APC gene coding sequence in serrated and conventional pathway polyps and cancers. WNT pathway activation was a common event in conventional pathway lesions with aberrant nuclear immunolocalization of β-catenin and truncating APC mutations in 90% and 89% of conventional adenomas and 82% and 70% of BRAF wild-type cancers, respectively. WNT pathway activation was seen to a lesser extent in serrated pathway lesions. It occurred at the transition to dysplasia in serrated polyps with a significant increase in nuclear β-catenin labeling from sessile serrated adenomas (10%) to sessile serrated adenomas with dysplasia (55%) and traditional serrated adenomas (9%) to traditional serrated adenomas with dysplasia (39%) (P = 0.0001). However, unlike the conventional pathway, truncating APC mutations were rare in the serrated pathway lesions especially sessile serrated adenomas even when dysplastic (15%) and in the BRAF mutant cancers with microsatellite instability that arise from them (8%). In contrast, APC missense mutations that were rare in conventional pathway adenomas and cancers (3% in BRAF wild-type cancers) were more frequent in BRAF mutant cancers with microsatellite instability (32%). We conclude that increased WNT signaling is important in the transition to malignancy in the serrated pathway but that APC mutation is less common and the spectrum of mutations is different than in conventional colorectal carcinogenesis. Moderate impact APC mutations and non-APC-related causes of increased WNT signaling may have a more important role in serrated neoplasia than the truncating APC mutations common in conventional adenomas. Modern Pathology (2018) 31, 495-504; doi:10.1038/modpathol.2017 published online 17 November 2017 Two major molecular pathways leading to the development of colorectal cancer are recognized. Approximately 70% of sporadic colorectal carcinomas arise via the conventional adenoma-carcinoma pathway 1 with the remaining 30% thought to arise via a different series of precursors and molecular changes known as the serrated neoplasia pathway. [2] [3] [4] [5] [6] Both pathways show mutations of genes involved in cellular signaling central to colorectal homeostasis. In the conventional pathway, a relatively consistent sequence of genetic and epigenetic changes in tumor suppressor genes and oncogenes have been found to parallel histological adenoma-carcinoma progression. This includes somatic APC inactivation, usually owing to pathogenic biallelic mutations iñ 70% of very early microadenomas, adenomas with low or high-grade dysplasia and carcinomas, consistent with APC being an important initiating event in colorectal tumorigenesis in this pathway. 7, 8 The most important consequence of APC mutation is thought to be aberrant activation of the WNT signaling pathway. 9 Conversely, in the serrated
Conventional adenomas are initiated by APC gene mutation that activates the WNT signal. Serrated neoplasia is commonly initiated by BRAF or KRAS mutation. WNT pathway activation may also occur, however, to what extent this is owing to APC mutation is unknown. We examined aberrant nuclear β-catenin immunolocalization as a surrogate for WNT pathway activation and analyzed the entire APC gene coding sequence in serrated and conventional pathway polyps and cancers. WNT pathway activation was a common event in conventional pathway lesions with aberrant nuclear immunolocalization of β-catenin and truncating APC mutations in 90% and 89% of conventional adenomas and 82% and 70% of BRAF wild-type cancers, respectively. WNT pathway activation was seen to a lesser extent in serrated pathway lesions. It occurred at the transition to dysplasia in serrated polyps with a significant increase in nuclear β-catenin labeling from sessile serrated adenomas (10%) to sessile serrated adenomas with dysplasia (55%) and traditional serrated adenomas (9%) to traditional serrated adenomas with dysplasia (39%) (P = 0.0001). However, unlike the conventional pathway, truncating APC mutations were rare in the serrated pathway lesions especially sessile serrated adenomas even when dysplastic (15%) and in the BRAF mutant cancers with microsatellite instability that arise from them (8%). In contrast, APC missense mutations that were rare in conventional pathway adenomas and cancers (3% in BRAF wild-type cancers) were more frequent in BRAF mutant cancers with microsatellite instability (32%). We conclude that increased WNT signaling is important in the transition to malignancy in the serrated pathway but that APC mutation is less common and the spectrum of mutations is different than in conventional colorectal carcinogenesis. Moderate impact APC mutations and non-APC-related causes of increased WNT signaling may have a more important role in serrated neoplasia than the truncating APC mutations common in conventional adenomas. Modern Pathology (2018) 31, 495-504; doi:10.1038/modpathol.2017.150; published online 17 November 2017 Two major molecular pathways leading to the development of colorectal cancer are recognized. Approximately 70% of sporadic colorectal carcinomas arise via the conventional adenoma-carcinoma pathway 1 with the remaining 30% thought to arise via a different series of precursors and molecular changes known as the serrated neoplasia pathway. [2] [3] [4] [5] [6] Both pathways show mutations of genes involved in cellular signaling central to colorectal homeostasis. In the conventional pathway, a relatively consistent sequence of genetic and epigenetic changes in tumor suppressor genes and oncogenes have been found to parallel histological adenoma-carcinoma progression. This includes somatic APC inactivation, usually owing to pathogenic biallelic mutations iñ 70% of very early microadenomas, adenomas with low or high-grade dysplasia and carcinomas, consistent with APC being an important initiating event in colorectal tumorigenesis in this pathway. 7, 8 The most important consequence of APC mutation is thought to be aberrant activation of the WNT signaling pathway. 9 Conversely, in the serrated neoplasia pathway mutations of BRAF or KRAS are thought to initiate development of serrated polyps including sessile serrated adenomas and traditional serrated adenomas via activation of the MAP kinase pathway. 3 The role of aberrant WNT signaling in the serrated pathway is less clear than for the conventional adenoma-carcinoma pathway.
Nuclear translocation of the normally membranous β-catenin protein indicates canonical WNT pathway activation. Most conventional adenomas show nuclear β-catenin accumulation, which is a downstream consequence of pathogenic APC mutation. 10, 11 Whereas some studies have shown increased nuclear β-catenin staining by immunohistochemistry in serrated precursor polyps with neoplastic progression, [12] [13] [14] reports are inconsistent. 15 Truncating APC mutations appear to be uncommon in lesions of the serrated pathway, but again the literature shows marked variation of reported rates in serrated pathway lesions including precursor polyps [16] [17] [18] [19] [20] [21] [22] [23] and the BRAF mutant cancers that arise from them. [24] [25] [26] Many studies show limited mutational analysis focusing only on the mutational cluster region at codons 1281-1556 of the APC gene. Although this is thought to contain~50-60% of truncating APC mutations, 27, 28 it has the potential to miss up to 40% of mutations. Inconsistent and confusing nomenclature of serrated pathway lesions 29, 30 are likely contributors for the widely variable rates of nuclear β-catenin and APC mutations found in literature. Fortunately, a standardized diagnostic nomenclature of different serrated polyps was formulated in 2010. 31 To address these defects in our knowledge and understanding of the role of APC mutations and WNT pathway activation in the serrated neoplasia pathway, we have undertaken a comprehensive mutational analysis of the entire coding region of the APC gene in combination with immunohistochemical assessment of β-catenin cellular location in a large cohort of colorectal cancers stratified by BRAF mutation and a broad spectrum of currently defined serrated pathway lesions. We find that although truncating APC mutations are rare, missense APC mutations are relatively common in the serrated pathway cancers. We suggest the possibility that missense APC mutations may be contributors to the 'just-right' level of WNT/β-catenin signaling 32 required for colorectal tumorigenesis via the serrated neoplasia pathway. We also confirm that truncating APC mutation does not account for most of the increased WNT signaling in the serrated pathway.
Materials and methods

Samples
The WNT pathway was examined in a range of colorectal polyps and cancers by immunohistochemical assessment of β-catenin cellular localization and APC mutational analysis. The BRAF V600E mutation was detected by allele-specific PCR as previously described. 33 Lynch syndrome cancers were effectively excluded as BRAF mutant cancers do not arise in the context of Lynch Syndrome and all the BRAF wild-type cancers showed retention of mismatch repair proteins.
This included immunohistochemical assessment of serrated pathway lesions comprising 102 BRAF mutant cancers (stratified by microsatellite instability status including 62 cancers with microsatellite instability and 40 microsatellite stable cancers), 162 traditional serrated adenomas, 38 traditional serrated adenomas with dysplasia, 20 sessile serrated adenomas, and 137 sessile serrated adenomas with dysplasia. β-catenin was scored separately in the dysplastic and non-dysplastic parts of the sessile serrated adenomas with dysplasia to give 157 results for β-catenin in non-dysplastic sessile serrated adenomas. As a control group 354 BRAF wild-type cancers and 96 conventional adenomas (including 46 tubular adenomas and 50 tubulovillous adenomas) were assessed. BRAF mutant carcinomas and BRAF wild-type carcinomas were included in the serrated pathway group and the conventional pathway group respectively based on evidence of the occurrence of BRAF mutations in these pathways. 3, 34 Histological assessment of serrated precursor polyps followed the guidelines of the World Health Organization. 31 Our traditional serrated adenoma group consists of those traditional serrated adenomas without overt morphological atypia or mitotic activity (sometimes also referred to as ordinary traditional serrated adenomas), and our traditional serrated adenoma with dysplasia group refers to those, which have developed overt cytological dysplasia and/or mitotic activity (also sometimes referred to as advanced traditional serrated adenomas).
The APC-coding region was sequenced in a subset of 189 of these cases including 80 BRAF mutant cancers (50 microsatellite unstable and 30 microsatellite stable), 20 sessile serrated adenoma, 20 sessile serrated adenoma with dysplasia, 14 traditional serrated adenoma, 6 traditional serrated adenoma with dysplasia, 30 BRAF wild-type colorectal cancer, and 19 conventional adenomas (10 tubulovillous adenomas and 9 tubular adenomas).
Traditional serrated adenomas, traditional serrated adenomas with dysplasia and sessile serrated adenomas with dysplasia were collected in a consecutive fashion by a single pathologist and author (NW) between June 2007 and June 2013 and have been included in prior studies. 12, 35 The sessile serrated adenomas, tubular adenomas, and tubulovillous adenomas were also sourced from archival specimens at Envoi Specialist Pathologists over the same time period but were not consecutive. The 456 carcinomas were collected in a consecutive fashion by all pathologists at Envoi Specialist Pathologists between January 2011 and June 2012. Cases with insufficient material for complete immunohistochemical and molecular analysis were excluded, including 23 rectal cancers with pre-operative radiotherapy and without pre-operative biopsy. The study was approved by the ethics committee of QIMR Berghofer Medical Research Institute (P1298).
Immunohistochemical Analysis
For all cases, aberrant nuclear immunolocalization of β-catenin was used as a surrogate for WNT pathway activation, compared with the normal membranous staining pattern. Cytoplasmic β-catenin staining found in 98% of cases did not further contribute to analysis. Immunohistochemistry was performed on tissue sections cut from the formalin-fixed, paraffinembedded blocks. Sections were cut at 4 μm and then dewaxed and rehydrated. Antigen retrieval for β-catenin was performed by incubation in low pH antigen retrieval solution (pH 6.0, Biocare Medical, Concord, CA, USA) at 112°C for 7 min. Sections were then stained following the manufacturer's instructions (1:600, Cell Marque, Rocklin, CA, USA). Slides were counterstained with Mayer's haematoxylin. Cases were assessed for both intensity and the proportion of cells staining positive in the nucleus by JB as previously described. 12 Intensity was scored as 0-3 (0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong staining) and extent 0-4 (0 = no staining, 1 = 1-10% of cells, 2 = 11-50% of cells, 3 = 51-90% of cells, 4 ≥ 90% of cells). When intensity was variable, an average of the intensity was used. Positive β-catenin required nuclear staining with a score of ≥ 2 in the intensity and/or extent category. A semiquantitative nuclear score was calculated by multiplying the nuclear intensity and nuclear extent giving three categories of low (1-4), moderate (5) (6) (7) (8) , and high (9-12) and used to test for possible association between β-catenin expression and the type of APC mutation.
APC Mutational Analysis
Targeted amplicon sequencing was conducted using a custom enrichment panel including 242 amplicons spanning across the entire coding region of APC (GeneRead DNAseq Targeted Panel, Qiagen). DNA was extracted from the formalin-fixed, paraffinembedded blocks using the Chelex-100 extraction method (Bio-Rad Laboratories, Hercules, CA, USA). In brief, three 10 μm sections were cut from the FFPE blocks and heated to 90°C in 200 μl of 0.5% Tween-20 in 1 × TE and then digested with 80 mg of proteinase K at 55°C for 3 h. After digestion, 200 μl of 5% Chelex-100 was added to the samples and they were heated to 99°, centrifuged and then cooled on ice, and then the paraffin removed. Then, 200 μl of chloroform was added, the samples centrifuged for 15 min, and the final product from the surface phase removed by manual pipette. DNA concentration was established by spectrophotometry (NanoDrop 2000, Thermo Scientific, Fremont, CA, USA). In cases where there was contamination of the formalinfixed, paraffin-embedded block by non-lesional tissue, manual microdissection was performed using a sterile scalpel blade with a marked haematoxylin and eosin-stained section as a guide. Library preparation was completed using the TruSeq Nano DNA HT Sample Prep Kit (Illumina) as per the manufacturers' recommendations. Libraries were subsequently sequenced on MiSeq.
For data processing reads were aligned to hg19 using BWA-MEM (version 0.7.10-r879). Variants were called using the QIAGEN low variance CLC Biomedical workbench variant caller. We annotated all genotyped variants with SnpEff 4.2 (build 2015-12-05) 36 classifying variants based on their putative effect on the protein product. Truncating mutations categorized as high impact include nonsense, frameshift, and splice site mutations. The significance of moderate impact missense mutations were assessed by pathogenicity prediction tools (CADD, MetaSMV, PolyPhen2 HDIV and HVAR, Mutation Assessor, LRT, MetaLR, SIFT, FATHMM, and Mutation Taster softwares). The websites were simultaneously consulted using dedicated Alamut Interactive Biosoftware. 37 In addition, variant allele frequency within the sample was considered since a somatic mutation within one allele would not be expected to be present in 440% of the reads since all samples had at least 20% non-neoplastic cell contamination. Further, the literature was searched for information regarding identified missense variants. Silent and modifier variants were considered to be low impact and were excluded from downstream analysis.
Statistical Analysis
Categorical variables were compared by Fisher's exact test. A P-value of ≤ 0.05 was considered significant. GraphPad Prism version 6.02 was used for statistical analyses.
Results
Immunohistochemical assessment of cellular β-catenin location showed nuclear β-catenin staining in most conventional pathway lesions including 86/96 (90%) of conventional adenomas and 290/354 (82%) of BRAF wild-type cancers (Table 1) . Lower rates of nuclear β-catenin staining were seen in serrated polyps including sessile serrated adenomas 15/157 (10%) and traditional serrated adenomas 15/162 (9%). A significant increase in nuclear β-catenin staining was seen at the transition to dysplasia in both serrated polyps: sessile serrated adenomas with dysplasia 75/137 (55%) and traditional serrated adenomas with dysplasia 15/38 (39%) (P = 0.0001) ( Table 1 and Figures 1a-d) . This was similar to the prevalence of nuclear β-catenin staining in BRAF mutant colorectal cancer (45/102, 44%) and was approximately half of that seen in BRAF wild-type colorectal cancers (290/354, 82%).
The coding region of APC was sequenced in 189 samples. Rates of β-catenin staining were similar between the large immunostained cohort and smaller mutation cohorts for all morphological subgroups except for traditional serrated adenomas, which showed staining in 15/162 (9%) of the overall cohort Samples contained an average of 646074.93 reads. A total of 99.96% of bases were covered at × 100 depth. A total of 129 variants were detected. Sixtyone were annotated as high impact variants consisting of truncating mutations including 40 nonsense, 17 frameshift and 4 splice site mutations. Twentynine were annotated as moderate impact and consisted of missense mutations. Of the missense variants, eight were excluded based on a high variant allele frequency of 40-60%, suggesting a germline polymorphism rather than somatic mutation and two variants (V1822D and G2502S) had previously been shown to be non-deleterious 38 (See Supplementary  Table 1 ). Alamut in silico prediction provided information pertaining to possible pathogenicity of missense variants and is presented in Supplementary table 1, however these predictions were not included in further analyses due to the difficulty in assessing pathogenicity of sporadic mutations in programs primarily designed for analyzing germline variants. The remainder of variants was low impact and modifier variants and were excluded from further analysis. Some samples had two or more truncating APC mutations. This included 11 conventional adenomas, 6 BRAF wildtype colorectal cancer, 1 sessile serrated adenomas with dysplasia, 2 traditional serrated adenomas, 1 traditional serrated adenoma with dysplasia, and 3 BRAF mutant microsatellite stable colorectal cancer. In addition, cases showing a truncating and a missense mutation included one case each from the groups conventional adenoma, BRAF wild-type colorectal cancer and traditional serrated adenoma. One BRAF mutant microsatellite unstable colorectal cancer showed two missense mutations.
As expected, adenomas and cancers of the conventional pathway showed high rates of truncating APC mutations in conventional adenomas 17/19 (89%) and BRAF wild-type cancers 21/30 (70%) and this correlated with the high rates of nuclear β-catenin staining. More intense or diffuse β-catenin staining reflected by moderate or high nuclear scores [5] [6] [7] [8] [9] [10] [11] [12] was more frequent in cases with truncating APC mutations 24/57 (42%) than those with missense mutations 1/21 (5%) (P = 0.0020) ( Table 2) . Conversely, truncating APC mutations were rare in sessile serrated adenomas (none) and sessile serrated adenomas with dysplasia 3/20 (15%), as well as in BRAF mutant cancers 9/80 (11%) ( Table 1 and  Supplementary Table 2 ). Traditional serrated adenomas 5/14 (36%), and traditional serrated adenomas with dysplasia 2/6 (33%) had intermediate rates although the small numbers limit interpretation in this rare polyp type. Four cases with one or more truncating APC mutation did not show nuclear β-catenin staining. This included two BRAF wildtype colorectal cancers, one BRAF mutant cancer with microsatellite unstable, and one traditional serrated adenoma. Tissue section preparation was good for these cases and lesional tissue showed membranous and areas of cytoplasmic staining, indicative of satisfactory immunohistochemical technique. No explanatory histological features were observed, and three of the four cases had truncating mutations within the mutational cluster region of the APC gene. Furthermore, no specific histological features were identified within the subsets of polyp types and colorectal cancers, to correlate with or predict APC mutation status.
The rate of truncating mutations in the sessile serrated adenomas with dysplasia (15%) and BRAF mutant cancers (11%) was significantly lower than immunohistochemical evidence of WNT signaling activation (P = 0.0079 and P = 0.0001, respectively)) suggesting there must be other causes of WNT activation. In BRAF mutant microsatellite unstable cancers, there was a significantly higher rate of missense APC mutation compared to BRAF mutant microsatellite stable cancers (P = 0.0299) and BRAF wild-type cancers (P = 0.0019) ( Table 1 ). It is possible that at least some of these mutations may be contributing to increased WNT signaling in these cancers.
A common pattern of positivity was a score of 1 for nuclear extent and score of 2 for nuclear intensity (Supplementary Table 1 ). An extent score of 1 (1-10% of cells) would be consistent with staining in a small number of cells. In total, 42/105 (40%) cases showed this pattern (nuclear intensity 2, nuclear extent 1). Of those 42 cases, most were Abbreviation: APC, adenomatous polyposis coli gene. Table 2 showing number of cases in each category of nuclear score (0 = no expression, 1-4 low, 5-8 moderate, and 9-12 high) as per cases with at least one truncating mutation (57 cases), cases with missense mutation(s) only (21 cases) and cases with neither APC mutation type (111 cases). a Immunohistochemical scoring and calculation of Nuclear Score as per Materials and methods.
identified in cancers 33/42 (79%), particularly those with BRAF mutation 29/42 (69%), both microsatellite stable 13/30 (43%) and microsatellite unstable 16/50 (32%) cancers. A pattern of strong nuclear β-catenin staining at the invasive front of colorectal cancers with no nuclear staining in the center of the tumor toward the luminal surface was commonly observed. Evidence of combined truncating and missense mutation was identified in a tubulovillous adenoma (X1486FS and D1484E), a BRAF wild-type cancer (Q1090X and P2158R), a traditional serrated adenoma (S811X and N30Y) and as a 'third hit' in a traditional serrated adenoma with dysplasia (X1307FS, splice site mutation, and N30Y).
Of the truncating mutations identified, 62% in the conventional pathway, and 33-37% in the serrated pathway occurred outside of the mutational cluster region. In total, 88% of missense mutations identified occurred outside of the mutational cluster region (see Figure 2) . Evidence of retention of 1-2 20 aminoacid repeats was identified in 82% of conventional adenomas and 80% of BRAF wild-type cancers (see Supplementary Table 2 and Figure 2 ).
Discussion
Mutations in APC occur in familial adenomatous polyposis, 39 and occur frequently in sporadic colorectal cancers. [40] [41] [42] Our findings are consistent with the initiating event of truncating APC mutations and subsequent increased WNT signaling in the conventional pathway. Most of our conventional adenomas and BRAF wild-type cancers showed nuclear β-catenin localization (90 and 82%, respectively) and truncating APC mutation (89 and 70%, respectively). The lower rate of APC mutation in BRAF wild-type carcinomas is not unexpected as this group will also contain some serrated pathway cancers with KRAS mutation or BRAF mutations other than V600E.
The evolution of the serrated neoplasia pathway through which 30% of colon cancers progress is less well understood. 3, 4, 43 Mutation of BRAF, virtually never observed in conventional adenomas, is thought to be an early event in the initiation of sessile serrated adenomas. Progression to sessile serrated adenomas with dysplasia and subsequent BRAF mutant colorectal cancers is associated with DNA CpG island methylation, which can silence important tumor suppressor genes. [44] [45] [46] [47] [48] [49] CpG island methylation of the promoter region of MLH-1 is a common event in sessile serrated adenomas with dysplasia and this causes mismatch repair deficiency leading to microsatellite unstable, which profoundly influences subsequent tumorigenesis. Mismatch repair deficiency greatly increases the rate of mutation and some of these mutations are functionally important. Traditional serrated adenomas are rare, and the least understood of the precursor polyps. These develop via sessile serrated adenomas with BRAF mutation, or alternatively by initiating KRAS mutation. Traditional serrated adenomas progress to microsatellite stable cancers, which can definitely be traced to the serrated pathway when they have a BRAF mutation. 50 The role of aberrant WNT signaling in the serrated pathway however is less clear. The present study is consistent with previous evidence of WNT pathway activation at the transition to dysplasia in both sessile serrated adenomas and traditional serrated adenomas with an increase in nuclear β-catenin from 10% in sessile serrated adenomas to 55% in sessile serrated adenomas with dysplasia, and 9% in traditional serrated adenomas to 39% in traditional serrated adenomas with dysplasia. No further increase of WNT activation is seen in BRAF mutant cancers (44%), indicating that altered WNT signaling facilitates progression of serrated polyps. Although high rates of truncating APC mutation correlated with WNT pathway activation in conventional pathway lesions, this correlation was not evident in serrated pathway lesions. In total, 55% of sessile serrated adenomas with dysplasia showed immunohistochemical evidence of WNT pathway activation, but only 15% had truncating APC mutations. Similarly, 44% of BRAF mutant cancers showed evidence of WNT pathway activation, but only 11% had truncating APC mutations, suggesting other mechanisms of activating WNT are common in serrated neoplasia.
A number of alternative mechanisms of WNT activation have been identified and these generally do not result in such marked upregulation of WNT signaling as do truncating APC mutations. Levels of β-catenin in the cytoplasm are regulated via WNT receptors (FZD, LRP5/6), 51 RNF43, 52 secreted proteins (SFRPS, WIF, DKK, WISE/SOST, Norrin, R-spondins) [53] [54] [55] [56] [57] and by a destruction complex including APC, AXIN, GSK-3beta, CK1alpha, which allows phosphorylation, ubiquitination, and proteasomal degradation of β-catenin in the absence of WNT ligand. Concentrations of β-catenin are normally kept low in the cytoplasm to prevent translocation to the nucleus. When WNT signaling is active translocation of β-catenin into the nucleus recruits TCF/LEF family cofactors activating target gene transcription. 58 Mutations and methylation events have been identified involving several of WNT pathway components other than APC. Mutations in the gene encoding β-catenin (CTNNB1) are found in 5% of colorectal cancers; however, these predominantly occur in Lynch syndrome cancers. 59 Inactivating mutations in the transmembrane ligase antagonists RNF43 and its functional homolog ZNRF3 have been reported in colorectal cancers particularly BRAF mutant microsatellite unstable cancers 52, [60] [61] [62] [63] [64] and traditional serrated adenomas. 18 Rearrangements involving R-spondin genes RSPO2 and RSPO3 have been reported in 10% of colorectal cancers, 65, 66 and PTPRK-RSPO3 fusions were reported in traditional serrated adenomas. 18 Methylation induced silencing of upstream WNT suppressors such as the SFRPs, and mutated in colorectal cancer gene (MCC) are reported to be common in sessile serrated adenomas. [67] [68] [69] Our results suggest that truncating APC mutations are very uncommon in the serrated pathway and it is likely that WNT signaling is predominantly altered by the mechanisms described above. It is possible that these alternate mechanisms activate the WNT signal to a lesser extent and these synergize better with the existing BRAF mutation and are thus selected in these polyps.
There was a markedly higher incidence of missense APC mutations in serrated pathway cancers (24%), particularly, BRAF mutant cancers with microsatellite unstable (32%) compared with BRAF wild-type cancers (3%). Contrary to their prior lack of association with truncating mutations or loss of heterozygosity we showed missense variants concurrent with truncating mutations in four of our cases. This raises the possibility that they may not be non-pathogenic bystanders. 70 These mutations may arise as a consequence of microsatellite instability but may be selected for because they moderately increase WNT signaling, thus providing a growth advantage to the mutated cells.
A particular pattern of β-catenin staining was observed frequently in BRAF mutant cancers (69%). These cases showed moderate nuclear staining in a small percentage of cells at the invasive front, but lack of nuclear localization in the center of the tumor, or toward the luminal surface. This phenomenon has been previously described [71] [72] [73] in colorectal cancer and discussion has pertained to its significance in relation to molecular changes related to epithelial-mesenchymal transition. Furthermore, one study showed an association between this pattern of β-catenin staining and increased frequency of liver metastasis. 74 This pattern of staining occurred predominantly in BRAF mutant cancers and may contribute to the epithelial-mesenchymal transition in this tumor subgroup. 75 There were some limitation in this study related to lack of availability of non-neoplastic tissue for validation of excluded germline missense variants based on variant allele frequency (see methodology), small polyp numbers for the traditional serrated adenoma category, and lack of loss of heterozygosity analysis at the APC locus.
In summary, we have examined WNT activation immunohistochemically and APC mutation by sequencing the entire coding region in a comprehensive cohort of serrated polyp precursors and cancers. Our study confirms the timing WNT pathway activation at the transition to dysplasia in serrated precursor polyps. Interestingly, although truncating APC mutations were infrequent in serrated pathway lesions, we found missense APC mutations to be overrepresented in this group, particularly BRAF mutant cancers with microsatellite instability. Missense APC mutations require further investigation as potential activators or coactivators of WNT signaling in the serrated neoplasia pathway.
